Quaternary ammonium compounds are known to have extremely high affinity to carbon dioxide.
Introduction
Primary amine: 2 RNH 2 + CO 2 ↔ RNHCO 2 -(carbamate) + RNH 3 + Secondary amine: 2 R 2 NH + CO 2 ↔ R2NCO 2 -(carbamate) + R 2 NH 2 + Exceptionally high CO 2 /N 2 selectivity values have been reported for polyvinylamine [19] .
Polyethyleneimine has been investigated for facilitated transport membranes for CO2 for many years [20, 21] .
Tertiary amines do not react with CO 2 forming carbamate at least in the dry state. Only in the presence of water a reversible reaction is possible, making the performance of membranes with ternary amine sites much more dependent on the environment humidity:
Tertiary amine: R 3 N + H 2 O + CO 2 ↔ R 3 NH + + HCO 3 -However interactive sites like tertiary amine not always stimulate the CO 2 solubility in polymers.
The self interaction between amine groups might be stronger than the CO 2 -moiety interaction [12] .
Hydroxy groups react forming bicarbonate ions:
In this way poly (vinyl alcohol) is reported as selective membrane material for CO 2 [22] . The alcohol groups can also contribute to solubility by hydrogen bonding. Chitosan has a primary amine and two hydroxyl groups, being also under investigation for CO 2 membrane development [23] .
Ionic liquids and polymers with quaternary ammonium groups have also been reported with high CO 2 solubility [24] and high selectivity for CO 2 /N 2 or CO 2 /H 2 [25] [26] [27] In the case of polyelectrolyte with quaternary nitrogen groups the reaction with CO 2 is claimed to involve the hydrated counter-ion, rather than the pending cationic group [18] However changes in the structure of the "polymerized ionic liquid", e. g. by introducing ether segments, might improve considerably the performance [25] . The membrane performance is highly dependent on the environmental humidity level.
The aim of the current work is the development of new CO 2 selective organic-inorganic materials with active sites for CO 2 sorption leading to high solubility selectivity. The membrane material should be able to swell at the conditions of the feed gas stream thus providing the diffusivity selectivity close to unity. The mechanical stability and the degree of swell of the selective materials can be controlled by the content of inorganic segments and crosslinks.
Furthermore the membrane production is aimed to be performed with environmentally friendly solvents like light alcohols and water.
Experimental Materials (3-Aminopropyl)triethoxysilane (APTES), glycidyltrimethylammonium chloride (ClycAmCl) (solution containing 20 wt.% water), tetraethoxysilane (TEOS), ethanol, methanol, hydrochloric acid, acetic acid and ammoniac solution were purchased from Sigma-Aldrich and used as received. High purity deionized water having conductivity 0.06µS cm -1 was used for hydrolysis and membrane preparation. PEBAX ® MH 1657 (Arkema) (containing 60 wt.% of PEO and 40
wt.% PA-6) was used as received for membrane preparation.
Characterization methods
Thermal analysis was carried out by using a Netsch DSC 204 differential scanning calorimeter and a Netsch TG 209 thermogravimetric analyzer.
The pH of the solutions was determined and titration was carried out using Inolab 730 pH meter.
The diffusion, permeability and solubility of pure H 2 , He, N 2 , O 2 and CO 2 in dry membrane samples were measured at feed pressures 0.3-1.7 bar and temperatures 10 -120°C using a constant volume / variable pressure experimental setup described elsewhere [14, 28] . All measurements were repeated at least 3 times and the result was considered as acceptable when the values of permeability and diffusion coefficient had scattering less then 5%. The evacuation time for the membrane degassing was chosen taking in account the results of each experiment, being not shorter then 6 time-lags for all gases except CO 2 when the evacuation time was increased to 8 time-lags.
The permeability coefficient was calculated according to the formula:
where D is the diffusion coefficient and S in the sorption (solubility) coefficient of the gas under study, V p is the permeate volume; l -the membrane thickness; A -the membrane area; R -the gas constant; Δt -the time difference between two points (1 and 2) on the pressure increase curve; p f -the feed pressure considered constant in the time range Δt and p p1 and p p2 are permeate pressures at time moments 1 and 2.
The diffusion coefficient was calculated using formula:
where θ is the time-lag.
Activation energies of all gas transport parameters were determined from the Arrhenius plots of the temperature dependences of permeability diffusion and solubility coefficients according to the formulas:
Where P 0 , D 0 and S 0 are pre-exponential constants, E p , E d are permeation and diffusion activation energies and ΔH s is the change in enthalpy of sorption. The last three parameters are related according to the solution-diffusion model [29] :
The transport parameters of the same membranes in wet environment were determined on the constant volume / variable pressure experimental setup, where feed gas stream was humidified to the water partial pressure close to the dew point. Due to experimental setup limitations experiments were carried out at atmospheric pressure at 23 and 60 °C.
In the presence of the water vapor in the feed gas stream changes the experimental steps and conditions have to be different than those followed in the dry gas "time-lag" measurement.
Single gas measurements are carried out with the polymeric membrane completely free of any volatile impurities, like typically obtained by routine preparation and after final degassing in the experimental setup. On the other hand, humid gas measurements are considered as experiments with gas mixtures. In this case diffusion and solubility data can not be obtained, since the membrane at the beginning of the experiments is already exposed to the "gas mixture" and can be only characterized at the steady state gas flow. For measurement in the presence of water vapor the membrane is exposed to the humid gas as long as necessary to establish a final gradient of water concentration considered close to the equilibrium state.
The treatment of the wet gas experimental results is not obvious [30] . In this case two gases penetrate the membrane simultaneously and the pressure on the permeate side is registered with only one and non-selective pressure sensor. Fortunately water permeates through any polymer with a rate several orders of magnitude faster then any other permanent gas (Figure 1 ). The water pressure on the permeate side equilibrates with that on the feed side very fast and any further permeate pressure increase can then be attributed only to the permeation of the gas under investigation, which is much slower. The permeability coefficient for a certain gas through a membrane of known thickness can be calculated, by taking the slope of the final part of the permeate pressure increase curve.
Membrane preparation
Membranes of polysilsesquioxanes with quaternary ammonium groups.
Trimethoxysilanes were synthesized with one (1N water when purchased and added to the reaction mixture. This water might start the hydrolysis of the silane even at the first reaction steps, forming the structure depicted in Scheme 2 for the 2N + compound.
After the synthesis the remaining solvent was evaporated in a rotavapor at 80°C with vacuum of ca. 10 mbar and further dried in the vacuum oven at 100°C for 12 hours. Upon drying the both obtained compounds were colorless transparent rigid solids with a minor amine odor.
Membranes were prepared by casting the solution of hydrolyzed silanes on glass plates coated with Teflon.
Membranes of polysilsesquioxanes blended with PEBAX ® MH 1657
Membranes were prepared from solutions in water/ethanol 30/70 wt % mixture. 3wt % PEBAX solution was previously prepared by dissolving polymer pellets in the water/ethanol mixture and stirring in a closed glass bottle at 80°C. Then a solution of the xN + compound (usually 10 wt % in water/ethanol) was added. The final solution was stirred for at least one hour and then poured into a leveled Teflon Petri dish. The solvent mixture was allowed to evaporate at 35°C and the obtained membrane was removed from the Petri dish and dried in the vacuum oven at 100°C for 24 hours.
Before the measurement the membrane was additionally dried in a high vacuum oven at 100°C for at least 12 hours then transported between two hot glass plates to the experimental setup, cut and placed into the measurement cell. In order to reduce the air exposure time and eventual uncontrolled water absorption, the thickness of the membrane was determined only after all gas transport measurements were done and the membrane was removed from the cell. All the obtained blend membranes were homogeneous and even more transparent then pure PEBAX membranes.
Membranes of polysilsesquioxanes with quaternary ammonium groups prepared with TEOS
In order to increase the molecular weight of the 1N + and 2N + compounds hydrolysis reactions in the presence of TEOS as co-monomer were carried out. The quaternary ammonium compound was dissolved in methanol, titrated with 0.01M solution of hydrochloric acid in methanol to the pH<7. Then 18 mol % TEOS (to xN + compound) was added to the solution and stirring started.
The necessary water for the hydrolysis was added in 3-fold excess to stoichometry, taking into account the water provided by concentrated HCl. The structure of the possible 2N + polymer obtained after the hydrolysis is presented in Scheme 3.
Results and discussion
The membranes prepared in this work have hydroxyl, quaternary ammonium and amine groups, which are available for facilitated transport of CO 2 in the presence of water. Permeability, diffusion and solubility coefficients were determined for the dry blend membranes of 1N + or 2N + compounds and PEBAX MH 1657. The samples prepared by hydrolysis of the compounds depicted in Scheme 1 formed films but were too brittle in the completely dry state to be cut and fixed in measurement cells. The products analogous to that depicted in Scheme 2 did not have high molecular weights due to the steric hindrances for further polymerization, causeds by the quaternary ammonium groups. Additionally excessive water absorption from the atmosphere leads to lack of dimensional stability. These problems could be minimized by blending the hydrolyzed silanes with PEBAX MH 1657 before preparing the membranes.
Both
PEBAX MH 1657 was found to be compatible with the synthesized compounds in a wide range of concentrations. PEBAX /xN + blend membranes were mechanically stable when the xN + compound content was up to 60 wt%. Blends of 50 wt% PEBAX and 50 wt % of quaternary ammonium compounds could then be tested, measuring diffusion, permeability and the most important parameter the CO 2 solubility coefficients.
The DSC analysis of the blends revealed a melting peak with a maximum at 20 °C, which is characteristic for the ethylene oxide block of PEBAX. By blending with PEBAX the water uptake was 35 wt % reduced and the mechanical integrity was considerably increased. It is interesting to see that by taking the longest time-lag obtained at each temperature a perfect Arrhenius plot could be obtained ( Figure 6 ). The difficulty with CO 2 desorption bellow 60°C
was minimized with the introduction of additional 90°C heating/cooling cycles before each experiment. Since the presence of non-desorbed CO 2 could in fact alter the membranes properties and influence the measurements of other gases, the measurement routine was changed:
at first H 2 , O 2 and N 2 were tested at different temperatures and only then CO 2 was used.
The gas transport properties of 1N + /PEBAX membrane were measured in dry (Table 2 ) and humid conditions. The experiments (dry and humid) were performed at 23 and 28°C. Higher temperatures were also adopted for the dry characterization. Experiments in the presence of water were carried out at 60°C as well, but when the CO 2 was transported through the membrane it swelled excessively and lost the integrity. This was an indication that additional crosslinking was necessary and this was carried out later.
The permeation of all gases through the 1N + /PEBAX membrane (Table 2) in the dry state is slower than that observed through pure PEBAX membrane (Table 3) . The CO 2 solubility in the 1N + /PEBAX membrane was nearly 15-fold higher than in PEBAX, while the N 2 solubility did not increase more than 1.5-fold with the incorporation of the quaternary ammonium hydrolyzed silane.
It was expected that in the presence of water the membrane would swell enough to bring the diffusion selectivity close to unity, leading to much higher permeability selectivity for CO 2 over other gases. However when the membrane was tested in the humid environment at 23°C the permeability of both CO 2 and N 2 has increased significantly but, unfortunately, to the same degree and the resulting selectivity did not increase as expected:
P(CO 2 ) = 600 Barrer; P(N 2 ) = 10 Barrer; α(CO 2 /N 2 ) = 60
The Additionally OH groups might also contribute for acid-base interaction with CO 2 . By increasing the pressure the sites for interaction become partially saturated and solubility decreases. Once the reactive sites are not available anymore, the CO 2 molecules can move more freely with a consequent reduction of time-lag and increase of diffusion coefficient. Since in the case of these compounds the changes in solubility and diffusivity compensate each other, the permeability is kept constant with pressure.
Membranes with TEOS
Membranes were prepared analogously to those based on 2N + /PEBAX blends, as described before. However TEOS was used as co-monomer to increase the degree of crosslinking and the molecular weight of the 2N + compound. The resulting titrated and hydrolyzed (2N The diffusion coefficient of all inert gases decreased, since more rigid inorganic segments were included, but the diffusion coefficient of CO 2 increased at the measuring temperature of 28 o C, indicating that the CO 2 molecules move with more freedom, since there are less "reactive sites"
to interact.
Very low solubility activation energy was observed for inert gases (Table 5 ). The simultaneous increase of the diffusion and permeability coefficients with temperature give nearly zero slopes for the solubility coefficient dependences on temperature causing in some cases positive ΔH S values. This behavior is not unknown for polymers. Sorption enthalpies as low as -2±2 kJ/mol were reported for polymers with ethylene oxide segments [31] , which corresponds to the range of experimental error of values obtained in the current work. The absence of a high slope in the solubility coefficients temperature dependence made it easier to observe steps in curves for O 2 and N 2 ( Figure 9 ) near about 60°C. For the other membranes analogous behavior might have been masked by the experimental data scattering. Also for the hydrogen diffusivity coefficient curve as a function of temperature ( Figure 10 ) a discontinuity can be seen around the same temperature. This observation can be correlated to thermal transitions or rearrangements of the polymer matrix. In Figure 3 , the DSC of 2N + compounds shows a transition around 65 o C. The transition might be related to weakening of self interaction of the tertiary amine group bonded to which the quaternary ammonium groups are attached. This might lead to more flexibility in the polymer matrix. Kim et al. [32] reported discontinuity of permeability curves as a function of temperature for PEBAX and related this also to transitions related to the polyamide block of PEBAX, observed by DSC. A similar contribution might also additionally come from the PEBAX constituting the 2N + TEOS/PEBAX membrane. For other blends also with PEBAX the effect was barely observed (e. g. Figure 6 ).
Also around 60 o C, a change in slope of the CO 2 diffusivity coefficient (D) and permeability (P)
curves as a function of temperature (Ahrrenius plot, Figure 11 ) can be clearly seen. As a consequence two activation energies can be calculated above and below the transition temperatures, both for D and P. They are listed in Table 6 . Above 60 o C the activation energies for diffusion and permeation are lower than below this temperature. A similar observation was reported for chitosan membranes, which contain amine groups for CO 2 facilitated transport [23] .
For the lower temperature range the Ahrrenius plot reflects the facilitated transport process, which is then the dominating mechanism. In the higher temperature range, the contribution of the facilitated transport mechanism decreases. Facilitated transport of molecules like oxygen in a complexing membrane has been classically explained making use of a dual-mode sorption model [33, 34] . Rapid and reversible sorption and desorption of specific gas molecules by strong interaction with complexing sites follow a Langmuir isotherm, while the non-specific interaction 
Conclusions
The process of the carbon dioxide sequestration from the off-gases of the fossil powered power plant requires a membrane with high permeance as well as high CO 2 /N 2 selectivity. The presence of high water vapor content in the off-gas leads to the possibility of developing a membrane able to swell in the feed gas stream and separate gases not by the diffusion but solubility selectivity.
Two compounds having one or two quaternary ammonium moieties were synthesized and polymerized via hydrolysis of the triethoxysilane moiety. Both synthesized compounds are thermally stable up to 200°C, have glass transition at 22°C are soluble in water and low alcohols.
Despite the presence of the silane groups aqueous solutions of both compounds having pH=10.5
were stable in time. The titration of initially basic solutions with 0.01M HCl showed that 1N + and 2N + compounds could coordinate up to 1.2 and 1.4 molecules of HCl respectively.
Gas transport properties of the xN+/PEBAX blend membranes were measured in dry and wet environment.
Dry gas measurement allowed determining the dependence of permeability, diffusion and solubility coefficients on temperature and feed pressure. It was found that CO 2 is irreversibly sorbed on the active centers of the quaternary ammonium compounds at temperatures lower then 60°C and can be released only with heating above this temperature. At the same temperature the Arrhenius plots of gas transport parameters for 2N + compound hydrolyzed in the presence of TEOS showed stepwise deviation from linearity, the property similar to the glass transition.
High affinity to CO 2 was found for both compounds leading to the CO 2 /N 2 solubility selectivity up to 1500. Humid gas measurements showed strong increase of the permeability coefficients for all gases without the selectivity loss compared to the dry gas measurements. CO 2 permeability up to 600 Barrer was measured in humid environment.
Both synthesized compounds and their copolymers with TEOS showed promising gas separation properties prosperous for the development of the composite membrane for CO 2 separation in humid environments. Table 6 11.8 see Table 6 11.2 Selectivity i/j (cooling experiment) 
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